The manufacture and acoustic analysis of hemp/agave fibre reinforced vinyl ester bio-composite guitar by Abd Rahim, Mohammad Noor Farhan
 UQ Engineering 
 
Faculty of Engineering, Architecture and Information Technology 
 
 
 
 
 
 
 
 
 
 
 
 
 
THE UNIVERSITY OF QUEENSLAND 
 
 
Bachelor of Engineering Thesis 
 
 
 
The Manufacture and Acoustic Analysis of Hemp/Agave Fibre 
Reinforced Vinyl Ester Bio-Composite Guitar 
 
 
 
Student Name:  Mohammad Noor Farhan ABD RAHIM 
 
Course Code: MECH4500 
 
Supervisor:  Dr. Luigi Vandi 
      Prof. Martin Veidt 
 
Submission date: 28
th
  October 2016 
 
 
 
A thesis submitted in partial fulfilment of the requirements of the 
Bachelor of Engineering degree in Mechanical Engineering 
 
 
 ii | P a g e  
   
 
 
Acknowledgement 
 
In completing this thesis report, I would like to express my sincerest appreciation to the 
people that helped me in making this thesis a success. Without their help and guidance, this 
thesis project would not achieve the level that it has. 
Special gratitude goes to Dr Luigi Vandi, my supervisor whose guidance and expertise 
enabled the project to be carried with ease and controlled manner. Without his insight and 
supervision, this project would not have been possible. 
Many thanks to Professor Martin Veidt, who provide essential guidance and feedback on 
various aspects of the project throughout the year. 
I would also like to thank John Milne, UQ Composite laboratory manager, for always being 
ready to help and share his wide technical knowledge on manufacturing processes and 
composite materials as well as providing an overall positive atmosphere in the laboratory. 
This project would also not have been possible without the feedback and opinions from UQ 
Composite Group members Juan, Nico, Clement and Charles, especially during the 
manufacturing phase. 
The 2015 project group for their effort in designing the guitar mould as well as provides the 
results from their findings. 
I would also like to thank the School of Mechanical and Mining Engineering for providing me 
the opportunity to complete this thesis and with world-class facilities. 
Special thanks to my family, friends and Azila, whose unending support enables me to 
complete this thesis. 
 
 
  
 iii | P a g e  
   
 
 
Abstract 
 
This project provides feasibility studies on using a bio-composite material as substitutes to 
rare wood, commonly used in acoustic guitar construction. The objective of this project is to 
manufacture an acoustic guitar from Hemp/Agave Fibre Reinforced Vinyl Ester. The superior 
mechanical properties and repeatability in the manufacturing process of bio-composite prove 
to be an advantage when comparing to conventional wooden guitar. 
The material characterisation section of this report firstly investigates the mechanical 
properties of Hemp/Agave Fibre Reinforced Vinyl Ester. A sample plate utilising a different 
number of Hemp/Agave fibre layer is manufactured through resin infusion process and 
undergoes tensile testing. The repeated manufacturing process allow for adaptation to the 
resin infusion process in order to obtain a high-quality final product. Results from the tensile 
testing were used to make a decision on the guitar soundboard thickness, which is 4.92 mm. 
The initial guitar design was made in Computer Aided Design (CAD) based on the design of 
the previously completed guitar mould. The robustness of the guitar under strings tension was 
analysed via ANSYS 17.0 software. From the analysis, additional design such as foam core in 
carbon fibre insert and carbon fibre layer was introduced in order to reinforce the neck and the 
head section. 
The manufacture of the guitar includes the fabrication of the soundboard and the guitar body. 
The continuous body design and the complex geometry of the guitar body lead to the 
introduction of spiral tube and pleats in the layup in order to obtain a high-quality end product 
as well as having good mechanical properties. 
The testing and acoustic analysis section compare the acoustic performance of the guitar to a 
carbon fibre guitar manufactured by the 2015 project group. The loudness and the projection 
power of the bio-composite guitar are slightly lower than the carbon fibre. This is due to the 
overdesign of the bio-composite guitar in effort to strengthen the weaker section. However, 
the tonal quality of the guitar was more preferred as it closely matches that of a wooden guitar 
counterpart.  
The guitar prototype demonstrates the feasibility of using bio-composites as wood 
replacement in guitar construction. Improvements on the guitar design are recommended in 
order to optimise the guitar performance. 
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1.0 Introduction 
Acoustic guitar first appeared as early as 16
th
 century albeit in different form and version. The 
sixth string version of the guitar with E-A-D-G-B-E tuning takes form in the early 19
th
 
century. By early 20
th
 century, Orville Gibson and C.F Martin began the guitar making 
dynasty, which millions of people enjoy until today [1]. 
An acoustic guitar is a stringed instrument which produces sound acoustically by plucking or 
strumming the strings using the finger or plectrum. As the string vibrates, the vibration travels 
into the soundboard via the saddle and the bridge. The excited soundboard oscillates the air 
inside the body, making it compressed and de-compressed. The air that is forced to exit the 
chamber produces sound. Different sound is produced depending on the frequency of 
vibrations which also dependent on the: 
 Tension of the strings 
 Position of finger on the fretboard  
 Material and the thickness of the soundboard 
 Guitar bracings 
 Volume of air in guitar body 
 
Figure 1: Acoustic Guitar Configuration [2] 
 
Figure 1 shows the configuration of a common wooden acoustic guitar. 
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2.0 Project Overview 
2.1 Motivation 
Traditionally, an acoustic guitar was made from wood such as mahogany, rosewood and 
maple. However, most of these wood species is now in limited supply. Brazilian Rosewood 
(Dalbergia Nigra), which is regarded as one of the best sounding woods for guitar backs and 
sides is now protected by Convention of the International Trade in Endangered Species of 
Wild Flora and Fauna (CITES) and deemed illegal to be traded [3]. 
Due to environmental concerns, alternative materials to replace wood were explored. Carbon 
fibres and bio-composites grows in popularity as they are mechanically superior and  
sustainable. There are evidence of composite guitar and violin soundboards were developed as 
early as 1975 by Daniel Haines and Carleen Hutchins with C.F Martin Inc., showing the 
viability of applying composite materials in musical instruments. 
 
2.2 Problem Statement 
The client, Professor Martin Veidt and Doctor Luigi Vandi from UQ Composites Group have 
requested the manufacture of a bio-composite guitar using Hemp-Agave fibre. The feasibility 
of using bio-composite in guitar construction would be validated through acoustic and 
structural characterisation. 
 
2.3 Objectives and Project Scope 
The main objectives of the thesis project are; 
 To manufacture a bio-composite guitar using Hemp/Agave fibre reinforced Vinyl 
Ester; 
 To test and characterise the acoustic performance of the bio-composite guitar;  
 To assess the feasibility of bio-composite as a substitute material in guitar 
construction; and 
 To understand the techniques involved in manufacturing bio-composite products. 
Due to the open nature of this thesis project, a project scope have to be defined in order to 
achieve the desired objectives in time. Table 1 below outlined the project scope. 
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Table 1: Project Scope 
Type In Scope Out of Scope 
Guitar design 
parameters 
- Choice of soundboard thickness 
- Guitar wall thickness 
- Choice of internal bracings 
- Internal modifications 
Shape of guitar body : 
Use the existing mould from 
2015 project group. 
Materials 
Isotropic fibre matrix 
Fibre: Hemp/Agave 
Matrix (resin): Vinyl Ester 
Other bio-composites 
combination of fibre and 
matrix 
Manufacturing 
process 
- Guitar is manufactured using resin 
infusion process. 
- All manufacturing process must be 
within UQ laboratory and workshops. 
Other manufacturing method 
Production rate One prototype for research and demo Commercial production 
Testing 
- Choice of experiments 
- Non-destructive testings 
Destructive methods 
Procurement 
- Outsourcing guitar parts (strings, 
fingerboard tuning pegs, bridge, nut 
and saddle) 
- Outsourcing final assembly to 
professional luthier 
- Outsourcing the 
manufacturing process 
 
2.4 Triple Bottom Line 
2.4.1 Environmental Measures 
Sustainability is the underlying theme of this project. By utilising bio-composite material in 
guitar construction as opposed to traditional hardwoods, trees can be saved. In addition, bio-
composites have the benefit of being cheaper, weather resistant and superior mechanical 
properties.  
2.4.2 Economic Measures 
Bio-composites have the advantage of being cheaper and widely abundance. This project 
investigates the feasibility of using bio-composite in guitar construction. If the project is a 
success, it will provide an economical solution in replacing wood in guitar manufacture. 
2.4.3 Social Measures 
This project directly impacts the community by reducing the number of destroyed habitats. In 
addition, bio-composites are sustainable alternatives that will provide a means for a cleaner 
future for humanity. 
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2.5 Project Milestones 
A number of milestones were identified in the early stage of the project which is listed in 
Table 2. Each milestone was given a deadline in order to monitor the progress of the project 
to ensure on-time project completion. 
Table 2: Project milestones 
Milestones Deadline 
Literature Research 12
th
 March 2016 
Materials Procurement 31
st
 March 2016 
Panel Manufacturing 15
th
 April 2016 
Mechanical Testing 15
th
 April 2016 
Interim Report writing 3
rd
 June 2016 
Guitar Manufacturing & Assembly 16
th
 Sept. 2016 
Thesis Presentation 22
nd
 Sept. 2016 
Acoustic Testing 20
th
 Oct. 2016 
Final Report 28
th
 Oct. 2016 
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3.0 Literature Review 
3.1 Bio-composite 
Bio-composite is a composite material, which comprises of one or more phase(s) from a 
biological origin [4]. The reinforcing phase is commonly extracted from crops such as flax, 
hemp, jute, agave and cotton. The matrix phase of a bio-composite is a polymer, derived 
either from renewable or non-renewable sources. The matrix holds the fibres together, and 
protect it from mechanical damage and degradation. Commonly used matrix in industry 
includes the Epoxy, Vinyl Ester and Polyester.  
The growing interest in bio-composites is due to their superior mechanical properties, 
worldwide abundance, cheap price and greener substitute to petrochemicals product. United 
States Department of Agriculture predicted that in future, the maximum substitution for bio-
composites would account approximately 33% of total polymer production [5]. Figure 2 
illustrates the increasing trend for natural fibre composites between 2004 and 2014 which is 
likely to continue in coming years. 
 
Figure 2: Natural fibre composites trend between 2004 and 2014 [6] 
 
3.1.1 Hemp  
Hemp or industrial hemp (Cannabis sativa L.) is one of the fastest growing plants which is 
cultivated as fibre for over 6000 years. It was an important fibre cultivated from 16
th
 and 18
th
 
century that branched out from the Equator to the polar circle. Today, Europe produces up to 
25 tonnes of dry matter per hectare per year of hemp fibres and is considered one of the 
faster- growing biomasses known [6]. 
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Figure 3: Industrial Hemp (Cannabis Sativa) [7] 
The main constituents of hemp fibre are cellulose and hemicellulose which makes them 
among the strongest and stiffest natural fibre available. Typical hemp fibre can reach a tensile 
strength of 1,100 MPa and Young’s modulus of 70 GPa [6]. Hemp fibres are mostly used as 
interior and exterior components in automotive mainly due to its lightweight design, 
biodegradability and high strength. [6] 
 
3.1.2 Agave 
Agave fibres are derived from the leaves of Agave Americana, which is native to Mexico and 
United States. Agave Americana has been naturalised in parts of Africa, Europe, China, and 
Australia and they are cultivated as ornamental plant [8]. The fibres of Agave Americana are 
flexible, smooth and lustrous. On average, agave fibres contain about 73% - 78% of lignified 
form of cellulose [9]. 
 
Figure 4: Agave Americana [10] 
Agave Americana fibre properties vary with grade as well as within the same leaf. Typically, 
the strength of Agave Americana fibre varies from 150 – 300 MPa depending on the duration 
of mercerisation treatment that it undergoes before being used [11]. Agave fibre is 100% bio-
degradable and its products can be recycled as paper. The “zero-waste” utilisation of the plant 
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would enable its production and processing to be translated into a viable and sustainable 
industry [9]. 
3.1.3 Hemp/Agave 
This project utilises a mixture of 50% Hemp and 50% Agave fibre (Figure 5) supplied by 
Composites Innovation Centre (CIC) to UQ Composites in order to promote research for new 
bio-composite applications. The specification of the Hemp/Agave, which was provided by 
CIC can be seen in Table 3. 
 
Table 3: Hemp/Agave mat specification by CIC 
Properties Data 
Material 50% Hemp, 50% Agave 
Form Non-woven 
Areal Weight (gsm) 352   
Average Thickness (mm) 5.5372  
Roll Width × Length (m) 15 × 27  
 
 
Figure 5: Hemp/Agave fibre 
 
3.2 Bio-composite Guitars 
Two commercial bio-composite guitars are “El Capitan” and “Alpaca Guitar” manufactured 
by Blackbird Guitar and Alpaca Guitar Co. respectively. Both guitars utilise the lightweight 
and weather-resistant advantage of bio-composite which solves the traditional wooden guitar 
problem; bowing and cracking in varying temperature and humidity.  
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Figure 6: (left) El Capitan by Blackbird Guitar [12] (right) Alpaca Guitar by Alpaca Guitar Co. [13] 
 
“El Capitan” is made from Ekoa linen, a natural fibre composite which utilises flax fibres 
with industrial waste resin to achieve wood-like tonality. The fibre is 30% stiffer than 
fibreglass but has a lower density than carbon fibre. The hollow-neck and unibody 
construction enhanced the resonance of the guitar as well as the overall acoustic quality [14]. 
Alpaca Guitar, on the other hand, uses carbon fibre and flax fabric blends with bio-derived 
epoxy matrix. The lightweight and strong properties of carbon fibre, combined with the 
natural flax fabric produced a waterproof, and weather resistant guitar which is suitable for 
travelling musician [15]. 
 
3.3 Bio-Composite Manufacturing Methodologies 
Both companies utilise basic moulding and resin infusion process which are detailed in 
Section 3.3.1. “El Capitan”, in particular, utilises single body construction, eliminating the 
needs for bonding process between the body and the neck. This process improves the sound 
quality as it increases the volume in which the guitar can resonate as well as provides a better 
vibrational energy transmission.  
 
3.3.1 Resin Infusion 
The basic principle of resin infusion is that a stack of dry fabrics is placed between rigid 
mould half and flexible bag. The bag is sealed to the mould except at certain positions being 
open for resin inlets and outlets. Liquid resin is then forced into the stack by a reduction in 
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pressure at the outlets while keeping the atmospheric pressure at the inlets [16]. It is then left 
for a certain period at a certain set of temperature for the matrix to cure. 
 
Figure 7: Vacuum assisted resin infusion layup schematic [16] 
One major concern of this process is to ensure a full vacuum between the bag and the fibre in 
order to ensure uniform flow of resin throughout fibre as well as to prevent air bubbles from 
trapped in the vacuum bag. Failure to achieve full vacuum will have a detrimental effect on 
mechanical properties and will lead to porosity on the surface of the guitar.  
This is the method of choice for both Alpaca Guitar and El Capitan. Due to the simplistic and 
accessible nature of the method, this project will employ the same manufacturing technique. 
 
3.4 Soundboard Criteria 
The soundboard of the guitar is inherently the single most important parameter for the 
acoustic performance of the guitar as a whole [17]. The frequency response transmitted by the 
soundboard from the string depends on the mechanical properties of the material, specifically 
the flexural stiffness. John Schelleng determined that for the flexural behaviour of two plates 
to be the same, their stiffness per unit length and density per unit area must be the same [18]. 
The studies can be summarised in the following equation. 
 Equation 1: Schelleng stiffness criteria 
    
      
 
 
Where E is the Young’s Modulus and h is the thickness. The subscripts denote the two 
material that is being compared. Sitka Spruce (picea sitchensis), the wood which is 
traditionally used in guitar construction has a low density and high specific modulus and 
typically, has a stiffness criteria of about 172.3 Pa.m
3
. For this reason, it is used as 
comparison when constructing soundboard from a different material. 
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3.5 Guitar Acoustics 
To design an acoustically correct guitar, basic knowledge in musical acoustics is necessary. 
When the strings of guitar are strummed or plucked, there is a transfer of energy to the 
soundboard and the bridge which in turns transmit this energy to the sides, back as well as the 
air cavity. The air cavity is responsible for producing the lower frequency while the 
soundboard and the bridge are responsible for producing higher frequency. 
 
3.5.1 Air Cavity 
The lowest frequency mode in a guitar is determined by the cavity volume and the sound hole 
diameter. This frequency mode is also termed as “Helmholtz resonance”, which occur around 
90-100 Hz [19]. The Helmholtz resonant is given by: 
Equation 2: Helmholtz resonance equation 
   
 
  
√
     
 
 
Where c is the speed of sound in air, a is the radius of sound hole and V is the air cavity 
volume. When determining the sound hole and air cavity volume, the frequency chosen to 
match to one of the low open string notes. For guitar, the value is around 98Hz (G note) [20]. 
3.5.2 Strings & Frets 
Guitar sound is mainly produced through strumming and plucking the strings. The vibration 
of the strings produces frequency (in radians/sec) which is dependent on its length, tension 
and mass. This relation is given by: 
Equation 3: Frequency of vibrating strings 
   
  
 
√
 
 
 
Where L is the length of the string, T is the string tension and   is the string’s mass per unit 
length. When a guitar is played, the string is pushed against the fingerboard at different 
position, separated by a metal insert known as “fret”. In doing this, the length of the string, L 
is changed and new frequency is produced. The fret on a guitar is arranged in a way that the 
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space between two successive frets on the same string is always a half step (“semi-tone”). 
This is done by using a musical scale known as equal temperament scale.  
4.0 Material Characterisation  
4.1 Objectives 
One of the objectives of this project was to create a guitar that matches the traditional wooden 
guitar in terms of acoustic performance. As outlined in Section 3.4, having a soundboard that 
is comparable in performance to the one used in a wooden acoustic guitar is the key. The 
wood, Sitka Spruce (Picea Sithchensis) which is commonly used in acoustic guitar production 
was chosen as the basis for comparison. 
Flexural stiffness is a measure of ability to resist deformation caused by bending deformation 
[21]. From the findings in Section 3.4, the aim of the Hemp/Agave soundboard would be to 
match the flexural stiffness of Sitka Spruce. The formula for flexural stiffness: 
Equation 4: Flexural stiffness of a plate 
   
   
        
 
Where E is Young’s Modulus in Pa, h is the desired thickness in m and v is Poisson’s Ratio. 
In order to obtain the Young’s Modulus and Poisson’s Ratio of the bio-composites, three 150 
mm × 150 mm sized plate of Hemp/Agave Reinforced Vinyl Ester is to be manufactured and 
undergoes tensile testing. Each panel will have a different number of Hemp/Agave fibre layer 
(1-3 plies).  
The Young’s Modulus will also give an estimate of the soundboard stiffness and whether the 
inclusion of bracing is necessary for the guitar construction. Figure 5 shows the bracing 
patterns used by C.F Martin & Company. The purpose of bracing is to increase the 
soundboard stiffness as a mean to resist string tension [1]. 
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Figure 8: Different bracing patterns used by CF Matrin & Co. [22] 
Section 4.2 to 4.4 details the sample plate construction, testing and results. 
 
4.2 Plate Manufacture 
The process to manufacture the sample plate can be divided into two stage, namely the layup 
configuration stage and vacuum bagging which is to prepare the layers of consumables on a 
tooling piece and the resin infusion process itself. 
4.2.1 Layup Configuration & Vacuum Bagging 
The layup configuration is crucial in obtaining a high-quality sample plate results. The layup 
consists of five different layer that is the release agent, peel ply, transport mesh, breather and 
the vacuum bag. The cross section view of the layup schematic can be seen in Figure 9. 
 
Figure 9: Cross section view of layup schematic 
The layup configuration is crucial in order to obtain a good sample results. Figure 10 below 
shows the layup configuration setup, with brief explanation of the function of each later 
summarised in Table 4. 
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Figure 10: Layup configuration setup 
 
Table 4: Resin Infusion layers description 
Layer Function 
Release Agent 
Fills the microporosity on the tool plate, increasing the overall 
surface finish. The release agent also facilitate the separation of 
the part from the tool plate or mould. 
Peel Ply 
Synthetic cloth that is draped over the fibre. Peel ply does not 
bond to the part during the curing process and provides a smooth 
inside surface. 
Transport Mesh 
Provides enhanced resin flow, enabling uniform transport of resin 
to the whole surface. 
Breather Traps and holds excess resin from the laminate. 
Vacuum Bag 
Enclosed the overall layer setup and maintain the vacuum 
pressure throughout the part. 
 
The inlet and outlet was then attached to the configuration as a means to carry the resin for the 
infusion process, as seen in Figure 12. 
 
Vacuum Bagging 
Vacuum bagging is a clamping technique that utilises atmospheric pressure to hold the fibre 
in place for infusion process. After the layup was completed, the vacuum bag was sealed to 
the tool plate using tacky tape.  
The air was evacuated from the vacuum bag by using a pump. The pressure inside and outside 
of the vacuum bag will equal to the atmospheric pressure (Figure 10).  
Peel Ply 
Hemp/Agave 
Fibre 
Transport Mesh 
Vacuum Bag 
Tool Plate + 
Releasing Agent 
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Figure 11: (Left) Before air is removed (Right) After air is removed [23] 
 
Among the advantages of using vacuum bagging: 
 Even clamping pressure, 
 Better control of the fibre-to-resin ratio, 
 Can accommodate for complex shapes. 
Figure 12 shows the finished setup. The whole configuration was dried at 60°C in the oven 
for 24 hours. After the drying process, it was now ready for resin infusion. 
 
Figure 12: Completed configuration 
 
4.2.2 Resin Infusion 
The resin infusion process takes place under the fume cupboard. For typical 150 mm × 150 
mm sample plate, approximately 400 g of Vinyl Ester resin was used. The Vinyl Ester was 
mixed with Methyl Ethyl Ketone Peroxide (MEKP) in order to catalyse the curing process. 
1.5% of MEKP was used which gave approximately 23 minutes of gel time before the Vinyl 
Ester starts to cure. 
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The infusion process took about 4-8 minutes depending on the number of Hemp/Agave fibre 
layer used. The on-going fusion of a sample is shown in Figure 13. 
 
Figure 13: Ongoing resin infusion process 
 
As the infusion process completed, the whole configuration was left to cure at room 
temperature in 24 hours. The finished sample plate is shown in Figure 14 below. 
 
Figure 14: Completed sample panel of different thickness (from left: 3 ply, 2 ply, 1 ply) 
 
4.3 Mechanical Testing 
Tensile testing was carried out to determine the tensile strength and tensile modulus of the 
sample plate. The test was based on the Standard Test Method for Tensile Properties, ASTM 
D638 with specimen type I. For this test, the sample plate was cut into dumbbell shape of 
dimensions 165mm × 13 mm × respective sample plate thickness with a water jet cutter. The 
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dumbbell shape confined the deformation to only occur at the narrow centre region as well as 
elongation can be measured. 
 
Figure 15: Specimens cut into dumbbell shape 
 
 The test was carried out using INSTRON 5584 dual column electromechanical system 
(Figure 16) with 5kN load cell and testing speed set to 5mm/min. 
 
Figure 16: INSTRON 5584 Machine 
 
Each specimen was painted in white to ease detection by the extensometer camera. Two dots 
were marked in axial and transverse axis for real-time strain measurement and the specimen 
was loaded between INSTRON’s grip. For each panel, 6 specimens were tested to fail under 
room atmospheric conditions. 
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Figure 17: (left) Specimen sample preparation (right) specimen is loaded between INSTRON’s grip 
 
Figure 18 and Figure 19 shows the average tensile strength and tensile modulus from the 
testing of the samples. Tensile strength shows the resistance of the sample to breaking under 
tension while the tensile modulus describes the stress-strain relationship. 
 
Figure 18: Average Tensile Modulus of the sample plates 
 
Figure 19: Average Tensile Strength of the sample plates 
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4.4 Results Analysis 
4.4.1 Plate Results 
Before a good quality sample plate was obtained, a number of trials were conducted in order 
to optimise the manufacturing technique. The difficulties encountered during the trials as well 
as the steps taken to overcome them are summarised below. 
 
1. Leak in vacuum bag 
Leaking in vacuum bag leads to the introduction of air and reduces the pressure inside the 
layup. As a result, the resin flow was interrupted which leads to the incomplete infusion 
(Figure 20). It was observed that the tacky tape did not bind as strong near the corners and 
around the inlet and outlet. In order to improve this, clamps were used in places where extra 
pressure was needed to hold the tacky tape in place. 
 
Figure 20: Rejected sample 1 
 
2. Air bubbles in resin 
The reaction between the mixture of Vinyl Ester and MEKP released air bubbles. In turn, the 
air bubbles would be introduced into the final product. To counter this problem, 3 minutes 
were given for the mixture to settle before starting the infusion process. In addition, it was 
noted that by pouring the mixtures along the wall of the resin pot, little to no air bubbles were 
created.  
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3. Air bubbles in the plate 
Trapped air bubbles inside the fibre during the infusion process resulted in voids in the 
finished sample plate (Figure 21). This is undesirable as the voids will reduce the overall 
mechanical properties of the sample plate. To overcome this problem, the layup was manually 
compressed using a roller during the infusion process before the resin starts to cure. By doing 
this, the trapped air bubbles were pushed to the outlet, eliminating the voids in the finished 
sample plate. 
 
Figure 21: Rejected sample 2 
 
4. Separation of plate from the tool plate 
Initially, no releasing agent was applied on the tool plate which leads to difficulties when 
separating the finished sample plate. In addition, the sample plate was damaged as a result of 
using force to separate the plate and the tool plate. Frekote NC-700 Release Agent was then 
applied on the tool plate, which eases the separation process. 
 
4.4.2 Mechanical Testing Results 
Figure 22 shows the fractured sample after the tensile test. The samples exhibit a rough and 
jagged surface at the fractured edge which shows that Hemp/Agave fibre in Vinyl Ester has 
ductile properties. 
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Figure 22: Fractured specimen after undergone testing 
 
The data obtained from the test is summarised in Table 5. 
Table 5: Hemp/Agave Reinforced Vinyl Ester properties 
Properties 
Value 
1 Ply 2 Ply 3 Ply 
Average Thickness (mm) 2.43 4.92 5.65 
Young’s Modulus (GPa) 1.70 3.20 3.82 
Poisson’s Ratio 0.35 0.35 0.35 
 
The large differences in Young’s Modulus value between 1 ply configuration to 2 and 3 ply 
configuration may arise from the spacing between the Hemp/Agave fibres which leads to a 
lower fibre-to-resin ratio. The average Young’s Modulus and Poisson’s Ration of the plates 
were determined from the 2 ply and 3 ply configuration, which is 3.51 GPa and 0.35 
respectively. Using these data, the required thickness of guitar soundboard can be calculated.  
Table 6 summarised the properties of  Hemp/Agave Reinforced Vinyl Ester and Sitka Spruce. 
Table 6: Sitka Spruce soundboard properties 
Properties 
Value 
Hemp/Agave Reinforced 
Vinyl Ester 
Sitka Spruce 
Young’s Modulus 11.03 GPa 3.51 
Poisson’s Ratio 0.372 0.35 
Thickness 2.5 mm       
 
Using the properties in Table 6 and Equation 4, the flexural stiffness of Sitka Spruce was 
calculated, 
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Assessing this value with Hemp/Agave Reinforced Vinyl Ester properties yields the required 
soundboard thickness,  
             
3.68 mm thickness would provide comparable flexural stiffness as Sitka Spruce. Since the 
required thickness is between 1 ply and 2 ply configuration of Hemp/Agave plate, the 2 ply 
configuration which is equivalent to 4.92 mm was chosen in order to provide extra strength 
for the soundboard to resist the strings tension. The extra strength also means that the 
soundboard can be manufactured without bracings. 
 
4.5 Discussions and Prospects 
The manufacture of the sample panels gave an early insight into the challenges associated 
with resin infusion process. The same techniques would be adjusted and used in the real guitar 
manufacture. Critical steps in overcoming the manufacturing difficulties were identified and 
applied to obtain a high-quality sample plate.   
The tensile testing result shows the mechanical properties of Hemp/Agave reinforced Vinyl 
Ester. Although the material was less stiff than the conventional wood used in wooden guitar 
construction, adding more fibre layer can increase the overall stiffness of the part. 
The quality of infusion and the layup configuration are believed to have a detrimental role in 
determining the final mechanical properties. Regulating the void content by removing air 
bubbles inside the resin and the fibres will yield better mechanical properties. 
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5.0 Design 
The guitar design was based on the completed mould fabricated by the 2015 project group. 
The mould design was based upon Epiphone AJ220S guitar, which was chosen as a 
representation of a commercially available acoustic guitar. Computer Aided Design (CAD) 
render of the guitar based on the mould dimensions was made prior to manufacturing in 
CREO Parametric 3.0 software and is shown in Figure 23 below: 
 
Figure 23: CAD render of the Hemp/Agave Bio-Composite guitar 
There are a few differences in terms of design between the bio-composite guitar and a 
conventional wooden guitar. These differences arise due to the distinct manufacturing process 
between the two materials as well as due to the constraint of the guitar mould.  Notable design 
differences are: 
 Unibody construction 
 Hollow neck 
 Heel-joint connection 
 No internal bracings 
 
5.1 Design Features 
This section outlined the design differences between the bio-composite guitar and 
conventional wooden guitar. Explanation of the design as well as how they impact the overall 
guitar construction and acoustic performances were also discussed.  
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Unibody Construction 
Traditionally, an acoustic guitar was manufactured in two separate pieces: the guitar body and 
the neck. The two pieces were joined together either by glueing the neck to a special groove 
on the body or by using screws and bolts (Figure 24). As this project uses a single piece 
mould, the guitar body and the neck will be manufactured in one continuous piece. 
Theoretically, unibody construction would produce better acoustic performances as there 
would be lesser energy loss in vibration transfer from the body to the neck. 
 
Figure 24: Bolt-on neck 
 
Hollow Neck 
The neck is structurally critical component of a guitar. Besides providing guitar playability to 
the player, a guitar neck must also have the stiffness to resist bending due to strings tension. 
Additionally, the neck also acts as a platform for the fingerboard to be bonded.  
In conventional wooden guitar, the neck was made out of solid wood with a curved steel truss 
rod running through the centre. The truss rod provides additional strength to counter the 
bending of the neck either due to the pull of strings or warpage due to humidity changes. 
 
Figure 25: Truss rod in a wooden guitar neck 
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The Hemp/Agave fibre Reinforced Vinyl Ester bio-composite are weather resistant which 
eliminates the need of the truss in the neck. To reduce the bending due to the pull of strings, 
3-ply of Hemp/Agave fibre would be used to reinforce the strength at the neck section. This 
design decision helps in reducing the overall weight of the guitar. 
 
Heel-joint connection 
The heel section is where the neck and the guitar body joined. The heel design is important in 
order to: 
 Provide support for the neck section; 
 Give the player a good access to the frets higher up in the fretboard. 
Figure 26 shows the differences in heel design between a conventional wooden guitar and the 
bio-composite guitar. Since the bio-composite guitar would be manufactured in one 
continuous piece, most of the stress would be concentrated at the heel section. To lessen the 
stress concentration, the 2015 project group designed the mould to allow for thicker heel 
section as opposed to slim and tapered design in conventional guitar. Although this design 
would reduce player accessibility to higher frets, making a structurally solid guitar is the main 
aim of this project. And as such, the design was kept.  
  
Figure 26: (Left) Conventional guitar heel (right) bio-composite guitar heel 
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No internal bracings 
As briefed in Section 4.1, bracings provide internal supports which reinforce both the 
soundboard and the back of the guitar. Bracing helps to distribute the force due to the strings 
while maintaining the tonal response. There are a number of different bracing systems 
developed over time by manufacturers and proven to affect the sound differently.  
The bio-composite guitar, however, will not employ bracing technique as it has sufficient 
stiffness to resist the strings pull. This decision would simplify the manufacturing process and 
reduce the overall guitar weight. 
 
5.2 Structural Loading 
The strings exert a significant amount of static load between the tuning pegs and the guitar 
bridge. Since different sets of string would yield a different amount of static load, it is 
important the bio-composite guitar can withstand these wide ranges of load. After considering 
the aesthetics, quality and taking into account the types of strings commonly used in an 
acoustic guitar, D’Addario EJ26 Custom Light Phosphor Bronze was selected. Figure 27 
shows the strings on the bio-composite guitar. 
 
Figure 27: Guitar strings (from left: E,A,D,G,B,E) 
 
Since each string has different diameter and tuned to specific notes, they exert different 
amount of tension. The strings diameter and tensions were provided by the manufacturer and 
is summarised in Table 7. It is important to note that although tension is measured in Pascal, it 
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was a convention and traditions in the string industry to present string tension in kilogram-
force (kg). 
Table 7: Strings tension 
Strings Diameter (mm) Tension (kg-force) Tension (N) 
E 1.32 10.99 107.8 
A 1.07 13.12 128.7 
D 0.81 13.58 133.2 
G 0.56 11.50 112.8 
B 0.38 9.20 90.3 
E 0.28 8.90 87.3 
Sum 67.29 660.1 
 
The total tensile force acting due to the string tension is 660.1 N, which acts at the neck 
section where the strings are fixed to the tuning pegs. Since the neck section is slim and long, 
it is susceptible to deflection and bending. The soundboard also susceptible to bending since 
the other end of the guitar strings are fixed to the bridge, which is bonded to the soundboard. 
Analysis was done to determine the behaviour of the guitar under load which outlined in 
section 5.2.1 and 5.2.2. 
 
5.2.1 Neck & Soundboard analysis 
Neck 
To analyse the force acting at the neck, the overall neck section was modelled as a cantilever 
beam fixed at the heel. Free body diagram of the neck, along with the forces can be seen in 
Figure 28.  
 
Figure 28: Static load diagram of neck section 
As guitar strings exert a tensile force T, bending moment    acted about the nut. Reaction 
force,    and bending moment    acted due to the fixed end; which is the guitar heel. 
Maximum deflection can be calculated using the bending deflection formula: 
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Equation 5: Bending deflection equation 
  
   
  
 
Where M is the moment, L is the neck section length; E is the Young’s Modulus of the 
material and I is the second moment of area of the neck. 
As the neck section is hollow and has a non-uniform thickness, using an analytical method to 
estimate the deflection would be inaccurate. Instead, a Finite Element Analysis (FEA) was 
used which can be seen in Section 5.2.2. 
 
Soundboard 
The horizontal tensile forces from the pull of the guitar strings are capable of tearing the 
bridge off the soundboard. Sufficient strength of the soundboard must be ensured while still 
maintaining the flexibility in order to transmit the vibration applied to the guitar strings. A 
suitable soundboard thickness is the key to balance the strength and flexibility which was 
discussed in Section 4. To observe how the soundboard would deform under string tension, it 
was modelled as a beam with pinned joint in both ends, which is shown in Figure 29.  
 
Figure 29: Static load diagram of soundboard 
 
As the guitar strings were fixed onto the bridge, this creates two sections in the beam. As the 
guitar strings acted in the positive x-direction, a moment, M acted about the bridge.    and    
were the reaction force acting from the pinned joints. 
An analytical calculation would yield inaccurate results as the model was largely simplified. 
In reality, the soundboard is bonded over the entire length as opposed to at the two ends. The 
presence of sound hole would also affect the overall result which is difficult to model 
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analytically.  Finite Element Analysis (FEA) software ANSYS 17.0 was also utilised here to 
predict the deflection and stresses in the guitar. 
 
5.2.2 ANSYS Simulation 
ANSYS 17.0 was used to simulate the guitar response after being subjected to the strings 
tensile force. Each material for the different parts of the guitar was defined which includes 
stainless steel for the tuning pegs, rosewood for the bridge and the fingerboard, bone for the 
nut and the saddle as well as Hemp/Agave Reinforced Vinyl Ester for the guitar. The data 
obtained from Section 4.4.2 was used as the basis for the Hemp/Agave Reinforced Vinyl 
Ester properties. 
Forces were applied to the nut and the bridge to accurately model the string tension. ANSYS 
17.0 allows each tensile force from each string to be placed in the exact place which they are 
acting. Guitar components were fixed together to avoid shifting during analysis while the base 
was fixed to the environment. The ANSYS 17.0 solver was run to evaluate total deformation 
and equivalent von-Mises stress. Figure 30 to Figure 32 shows the results for total 
deformation while Figure 33 shows the result of the equivalent von-Mises stress.  
 
Figure 30: Deformed region of the guitar 
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Figure 31: Guitar deflection (back view) 
 
 
Figure 32: Guitar deflection at the heel section 
 
Maximum deflection occurs at the head, which is approximately at 7.3 mm. In addition, the 
soundboard and the heel experience 3mm and 2mm deflection respectively. The overall neck 
section remains to be a major concern as the deflection could lead to a serious crack 
propagation if not mitigated early on.  
In traditional guitar, this problem was solved by using a truss rod. Since this project utilises a 
continuous body construction, adding a truss rod would not be an effective solution. In order 
to solve this problem, additional design feature was added to reinforce the neck and the head 
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section (see Section 5.3 for additional design detail). The equivalent stress level was within 
the tolerable level as no critical areas can be seen from Figure 33. 
 
Figure 33: Guitar stress 
 
5.3 Additional Design Features 
Additional design decisions were made to reinforce the weaker section of the guitar, such as 
the neck and the head after the analysis in ANSYS 17.0. 
 
Foam Core and Carbon Fibre Insert 
Since high deflection was identified in the neck section, having a solid neck instead of a was a 
viable option. However, this additional material would increase the guitar weight significantly 
as well as affecting the playability since the neck section would significantly be heavier than 
the body. Instead, a foam core wrapped with a piece of carbon fibre was inserted into the 
hollow section of the neck, filled with epoxy resin as adhesive. Figure 34 shows the insert. 
 
Figure 34: Foam core wrapped with carbon fibre layer 
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Foam core and carbon fibre were chosen as it was readily available within the UQ Composite 
Group laboratory while having the advantage of high strength to weight ratio. This decision 
would reduce the deflection at the neck section without compromising the guitar weight. 
 
Carbon Fibre Layer 
The head was another area which posed a high risk due to stresses in the tuning pegs by the 
guitar strings. The thickness of the head must be within 15 mm due to the tuning pegs 
geometrical constraints. The only option was to add a layer of carbon fibre coated in epoxy 
resin, sandwiched between the upper and the lower head plate (Figure 35). 
 
Figure 35: Carbon fibre layer 
 
5.4 Design Summary 
The guitar design was influenced by resin infusion manufacturing process as well as the 
constraints of the pre-existed mould design. Initially, hollow neck design was considered due 
to the apparent acoustic benefit as well as reducing the overall guitar weight. 
This preliminary design was simulated in ANSYS 17.0 to obtain prediction on the total 
deflection and stress acting on the guitar. Results from the simulation show three weak 
section which is the head, the neck and the heel. Additional designs were necessary in order to 
reinforce these sections. 
By taking into considerations factors such as playability, material availability and guitar 
weight, features such as foam core in carbon fibre layer for the neck as well as carbon fibre 
layer sandwiched between the head plate were designed. These design decisions were made to 
reinforce each section without adding unnecessary weight to the guitar. 
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6.0 Guitar Manufacture 
The 2015 project group had designed and constructed a female guitar mould from a 
combination of Hexply 1458 Carbon Fibre Reinforced Polymer (CFRP) and E-Glass Fibre 
Reinforced Polymer (GFRP). Figure 36 shows the female guitar mould that would be used in 
the guitar manufacturing process. 
 
Figure 36: Female guitar mould 
Section 6.1 to 6.4 details the manufacturing process of the soundboard, guitar body, bonding 
process and the final assembly. 
 
6.1 Soundboard  
From the results obtained in Section 4.4, it was concluded that 2-ply of Hemp/Agave fibre 
Reinforced Vinyl Ester would provide higher stiffness than a Sitka Spruce’s equivalent 
soundboard. The soundboard was manufactured as a plate using the same layup configuration 
outlined in Section 4.2 with 300 mm × 300 mm dimensions.   
By doubling the size of the fibre, twice the amount of resin was used in the infusion process. 
This scale is important in order to maintain the same resin-to-fibre ratio and tensile strength as 
the sample plate as per findings from Section 4.4.2. 
The finished plate was cut into shape using water jet cutter. Figure 37 shows the finished 
soundboard. 
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Figure 37: Completed soundboard 
6.2 Guitar Body 
The manufacture of the guitar body was a labour-intensive process mostly due to the complex 
geometry the guitar. Different factors had to be taken into consideration in obtaining an ideal 
layup configuration for the infusion to work. These factors are discussed below: 
 
6.2.1 Factors 
Single body construction 
Since the guitar body would be manufactured in one continuous piece, the overall area that 
the resin has to travel during the infusion process was larger. The challenge was to allow 
sufficient time for the Vinyl Ester resin to completely infuse before it starts to cure. To 
achieve this, a spiral tube was added in the layup configuration to carry the resin from the 
inlet throughout the guitar body. Spiral tube is shown in Figure 38. 
 
Figure 38: Spiral tube 
The spiral tube provides a free-flowing channel for the resin from one end to another, while 
allowing uniform resin distribution throughout the line. By using a spiral tube, infusion time 
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was reduced as the resin infusion at multiple outlets provided by the tube openings 
simultaneously. 
Complex guitar geometry 
Unlike the soundboard, the guitar body is not flat and the geometry was more complex due to 
the side elevation and the body curvature. Sufficient vacuum bag must be provided in order to 
provide uniform pressure at the corners. Pleats were made in the corners so that ample 
vacuum bag was provided in order to prevent bridging. Figure 39 illustrates the pleating 
technique.  
 
Figure 39: Vacuum bag pleating 
In addition, the surface of the vacuum bag was sprayed with water which helps to “soften” the 
bag and facilitate the debulking process. 
 
Section thickness 
Initially, the guitar body was decided to be manufactured using 2-ply of Hemp/Agave fibre. 
However, from the analysis in Section 5.2.2, it was found that the neck, the head and the heel 
section would be the weak points due to high stress exerted from the strings. For this reason, 
the heel area and the neck was further reinforced with an additional layer of Hemp/Agave 
fibre while the head was reinforced with two additional fibre layer. Table 8 summarised the 
number of Hemp/Agave fibre layer as well as the corresponding thickness at the different 
section of the guitar body. 
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Table 8: Guitar body section design properties 
Section No. of Hemp/Agave fibre layer Thickness (mm) 
Guitar Body 2 4.92 
Heel 3 5.65 
Neck 3 5.65 
Head 4 6.81 
  
Figure 40 shows the Hemp/Agave fibre laid in the mould with different number of layer at 
different section of the guitar, which corresponds to the values shown in Table 8. 
 
Figure 40: Fibre layer at different guitar section 
Figure 41 shows the final layup configuration of the guitar body. Two branches of spiral tube 
were added in the guitar body section to further reduce the travel distance of the resin to the 
edge of the fibre.   
 
Figure 41: Final layup configuration 
2 Ply 
3 Ply 
3 Ply 
4 Ply 
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6.2.2 Infusion 
After obtaining sufficient percentage of vacuum in the layup, resin infusion process was done. 
The process utilises a total of 2 kilogrammes of Vinyl Ester mixed with 30 grammes MEKP. 
The Vinyl Ester was separated into 4 different containers of 5 kilogrammes each in order to 
avoid high volume exothermal reaction between the resin and MEKP. The infusion process 
took about 20 minutes. The completed resin infusion process can be seen in Figure 42. 
 
Figure 42: Guitar body - resin infused 
The whole configuration was left to cure for 24 hours before removing the consumable layers. 
Figure 43 shows the finished guitar body after removing the consumable layers. 
  
Figure 43: (left) front view of guitar body (right) back view of guitar body 
 
6.3 Bonding 
The guitar was left for another 24 hours for the Vinyl Ester to completely cure before starting 
the bonding process. After 24 hours, the lip section of the guitar body was sanded with a 
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sandpaper to provide roughness and sufficient contact area for the bonding process. Two-part 
Araldite Epoxy Adhesive was used to bond the soundboard to the guitar body. Clamps were 
used to provide extra pressure in order to facilitate the bonding process between the 
soundboard and the guitar body as shown in Figure 44. 
 
Figure 44: Soundboard and guitar body bonding 
The neck section was machined to obtain a uniform neck level for the fingerboard to sit on. 
Additionally, the foam core insert and the carbon fibre layer were put onto the neck and the 
head section, respectively. 
 
Figure 45: Foam core and carbon fibre reinforcement 
Two-part Araldite Epoxy Adhesive was used to fill the hollow section of the neck while also 
provide a adhesive for the bonding of the fingerboard. The upper plate of the head section was 
then bonded.  
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Figure 46: Fingerboard and upper head plate bonding 
 
6.4 Final Assembly 
After the Epoxy Adhesive has dried, holes were drilled on the head section to allow for the 
insertion of the tuning pegs. The sandwiched carbon fibre layer provides compressive force, 
which helps reducing the likelihood of any crack propagation. The final assembly, which 
includes insertion of the frets, the saddle and adjustments to the fingerboard were outsourced 
to a professional luthier in The Guitar Shop, located in Paddington, Queensland.  The 
completed guitar is shown in Figure 47. 
  
Figure 47: The completed guitar view 
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6.5 Discussions & Prospects 
Although the manufacturing process was time-consuming, the iterative experience gained 
from fabricating the sample plate gave a clear insight on the overall process. Obtaining an 
ideal layup configuration for the guitar body remains a challenge mainly due to the complex 
geometry of the guitar.  
By adding a spiral tube in the layup, resin travel distance was shorten resulting in faster and 
complete infusion. Sufficient bagging material was provided by pleating technique to prevent 
bridging and voids in the final product. In addition, different number Hemp/Agave fibre layer 
was used at different section of the guitar as a means to increase the guitar stiffness. 
As the 2015 group project employs hand-layup technique rather than resin infusion, most of 
the manufacturing method was adapted from the experience gained beforehand. However, 
with a wide sharing of techniques and feedback from UQ Composites Group, sufficient 
quality final product was obtained.  
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7.0 Testing & Acoustic Analysis 
One of the goals of this project was to characterise the acoustic properties of Hemp/Agave 
Reinforced Vinyl Ester Bio-Composite. These properties would be compared to a wooden 
guitar and the 2015 carbon fibre guitar in determining the feasibility of bio-composite 
material in guitar construction. 
By referring to the test done on the carbon fibre guitar by the 2015 project group, a number of 
qualitative and quantitative tests were chosen as a means to assess the acoustic performance. 
Using a similar test as the one conducted by the 2015 project group will ensure the validity in 
data comparison. The findings of the test were also meant to be a basis for future composite 
guitar projects. 
 
7.1 Key Performance Characteristics 
The guitar acoustic performance was tested on three aspects, which is outlined in Table 9. 
Table 9: Key Performance Characteristics 
Test Description 
Loudness Test 
Guitar sound power as fixed force were 
applied to the strings 
Sound Damping 
The time taken for the sound to dies away 
after impulse 
Subjective Testing 
Reviews from the players and listeners on 
the overall guitar playability and tone 
 
7.2 Testing Methods 
Section 7.2.1 to 7.2.3 discussed the methods of the test. 
 
7.2.1 Loudness Test 
Sound Pressure Level,    is the measure of how loud a sound is on a decibel scale, 
abbreviated as dB. Each string of the guitar was plucked with a controlled force and the 
resulting    was recorded using a Sound Level Meter (SLM) with A-weighting, to accurately 
mimic the human ear sound perception. 
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Figure 48: Larson Davis 851 Sound Level Meter 
By noting the distance between the SLM and the guitar, an equivalent Sound Power Level,    
can be calculated using the formula, 
Equation 6: Conversion of Sound Pressure Level to Sound Power Level 
      |      (
 
    
)| 
Where Q is the sphere propagation and equal to 1 and r is the distance between SLM and the 
guitar. The experimental setup is shown in Figure 49. 
 
Figure 49: Loudness test experimental setup 
 
7.2.3 Sound Damping 
Sound damping is perceived as how the sound dies away after the sound source ceases, 
usually measured in reverberation time,    . Reverberation time measures the time taken for 
the sound to drop 60dB below the original level. The sound damping correlates to the ability 
of the guitar in sustaining musical notes, in where higher reverberation time is desirable. 
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SLM was used to record the SPL over a period of 20 second, where each strings were 
plucked. The recorded data was exported as Excel graph, in which the reverberation time can 
be determine. 
 
7.2.4 Subjective Testing 
Subjective testing were conducted to determine the differences in perceived tone quality and 
acoustic characteristics from a guitar player. 
Student-musicians studying in University of Queensland were consulted for feedbacks on a 
number of aspects such as loudness, projection power, tone quality and playability. These 
criteria were chosen so that different characteristics of the guitar can be assessed rather than 
asking if the guitar sounds good or not. 
 
7.3 Results & Discussions 
7.3.1 Loudness Test 
Corresponding Sound Pressure Level was read from the SLM as each string was plucked. 
Three sets of reading were taken for each string and the value was averaged. The results is 
tabulated in Table 10. 
Table 10: SPL of bio-composite guitar and carbon fibre guitar 
Strings Sound Pressure Level,    (dB(A))  
Bio-Composite Guitar Carbon Fibre Guitar Wooden Guitar 
E 58.4 60.9 61.2 
A 57.4 66.0 65.3 
D 65.4 69.2 67.1 
G 66.2 67.6 63.3 
B 59.1 62.1 62.1 
E 58.3 58.6 56.5 
 
From the result, the bio-composite guitar has the lowest decibel reading followed by the 
wooden guitar and the carbon fibre guitar. The highest difference between the bio-composite 
guitar and carbon fibre guitar were observed at A and D strings which have differences of 8.6 
dB(A). Other strings however, was within 4 dB(A) with the higher E string with small 
differences of 0.3 dB(A). 
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However, Sound Pressure Level was not a conclusive measure as it takes the surroundings as 
well as the distance from the source to the receiver into account. Sound Power Level would be 
a more accurate description of guitar “loudness” as it is a measure of energy emitted by the 
guitar and not affected by the environment. By treating the guitar as a point source and noting 
the distance between the SLM to the guitar, Sound Power Level was calculated, and shown in 
Table 11. 
Table 11: SWL of bio-composite guitar and carbon fibre guitar 
Strings Sound Power Level,    (dB(A)) 
Bio-Composite Guitar Carbon Fibre Guitar Wooden Guitar 
E 69.4 71.9 72.2 
A 68.4 77.0 76.3 
D 76.4 80.2 78.1 
G 77.2 78.6 74.3 
B 70.1 73.1 73.1 
E 69.3 69.6 67.5 
 
In general, Sound Power Level differs by 11 dB(A) from the Sound Pressure Level. In terms 
of loudness and raw power of the guitar body in transmitting sound, the bio-composite guitar 
would be rated as slightly on a “softer” side.  
 
7.3.3 Sound Damping 
Figure 50 shows the graph of sound decay from plucking the E string of the bio-composite 
guitar. 
 
Figure 50: Graph of SPL decay 
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Since it was impossible to generate Sound Pressure Level with 60 dB(A) drop just by using 
the guitar, the reverberation time for 20 dB(A) drop,     was used instead. By noting the 
gradient of the drop from the graph and interpolating to 60 dB(A) drop, an equivalent     was 
obtained. Example calculation of     for E string was included in Appendix B. Results from 
the calculations can be seen in Table 12. 
Table 12: T60 decay for each string of bio-composite and carbon fibre guitar 
Strings     (s) 
Bio-Composite Guitar Carbon Fibre Guitar Wooden Guitar 
E 15.8 24.8 18.8 
A 18.8 23.4 18.7 
D 21.1 22.7 17.4 
G 23.3 24.1 25.5 
B 20.7 21.9 16.4 
E 19.4 21.5 14.7 
 
From Table 12, the overall     of bio-composite guitar is longer than the wooden guitar but 
shorter than the carbon fibre guitar.  Less damping can be observed in both the bio-composite 
guitar and the wooden guitar. This is mainly due to the continuous body construction resulting 
in better vibrational energy transmission as opposed to being loss from traditional two-piece 
body and neck construction. However, the E and the G string of the bio-composite guitar has 
shorter decay time than the wooden guitar which is possibly due to the uneven thickness 
around the soundboard area which affects the overall sound transmission. 
 
7.3.4 Subjective Testing 
Two reviews from student musicians in University of Queensland were collected and the 
feedbacks are summarised below; 
 
Student 1:  Teoh Khai Shen (Trinity Grade 8 in Classical Guitar) 
First impression of the guitar is that it looks solid and beautiful. Upon playing the guitar, the 
non-uniform thickness of the neck proves to hinder some playing styles. Extra weight on the 
strumming has to be put in order to compensate the softer guitar sound. However, the tonal 
quality of the guitar was almost comparable to a wooden guitar, with warm and bright 
sounding. 
 50 | P a g e  
   
 
 
Student 2: Raymond (Bachelor of Music, University of Queensland) 
From a player standpoint of view, the weight of the guitar, as well as the thick heel section, 
hinders the speed and ease of playing. The bass of the guitar is deep which is preferable in an 
acoustic guitar. However, the guitar sound lacks the volume, which can be tricky in noisier 
environment. The overall tone of the guitar is bright and rich. 
 
Student 3: Justin (Bachelor of Music, University of Queensland) 
For a guitar made out of bio-degradable material, it looks very solid and cool. The guitar has a 
significantly deep bass, especially in the lower E strings as well as warm, bright tone. The 
neck section and the heel section is very thick. Otherwise, it is a very great guitar.  
 
7.4 Testing & Acoustic Analysis Summary 
Acoustic testing was done to assess the guitar performances in various aspects such as 
loudness, ability to sustain sound and the overall tonal quality. In terms of loudness, the bio-
composite guitar was found to be the softest, followed by the wooden guitar and the carbon 
fibre guitar. As the bio-composite guitar has almost twice the soundboard thickness compared 
to the carbon fibre and the wooden guitar, less sound energy was transmitted resulting in a 
softer sound.  
The time decay,     of the guitar measures the guitar ability to sustain sound before it dies 
away. In an acoustic guitar, longer decay time was more desirable. From the results, the bio-
composite guitar has a slightly longer decay time than the wooden guitar, but shorter than the 
carbon fibre guitar. However, the softer sound transmitted by the guitar often gave an 
impression of shorter decay time to the listener, as evident from subjective testing. 
Feedbacks were collected from student-musicians to assess the tonal quality of the guitar. In 
general, the tonal quality was rated as good or comparable to a wooden guitar. A possible 
explanation of this is due to the inherent wood-like properties of the Hemp/Agave fibre which 
is based on cellulose fibre which is similar in wood. 
Adjustments has to be made in order to further improve the acoustic performance of the guitar 
such as decreasing the soundboard thickness for better sound transmission.  
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8.0 Risks Analysis 
In completing the project, there various risk associated in different areas such as project management, technical, structural and manufacturing. 
These risk are summarised in Table X to Table Y. These risk are rated in accordance to the likelihood (L) and its consequences (C) which yield 
and overall risk (R). The assessment matrix is summarised in Table 13. 
 
Table 13: Risk Assessment Matrix 
Likelihood 
(L) 
Consequence Rating (C) 
Insignificant (1) Minor (2) Moderate (3) Major (4) 
Catastrophic 
(5) 
Almost 
Certain (5) 
Low Medium High Extreme Extreme 
Likely (4) Low Medium High Extreme Extreme 
Possible (3) Low Low Medium High Extreme 
Unlikely (2) Low Low Medium High High 
Rare (1) Low Low Low Medium High 
 
 
 
 
 53 | P a g e  
   
 
 
 
Project Management Risks 
Risk Issue Cause Impact L C R Mitigation Strategy L C R 
Schedule is 
delayed or not 
followed 
Delays in procuring 
items needed for 
manufacturing 
Project completion date 
will be delayed. Penalty 
for late thesis submission 
3 3 9 
Identify and order the required items at the 
start of semester. 
Account for lead time when planning for 
work breakdown. 
1 3 3 
Delays due to health 
issue or holiday break 
Data loss  Technical error (loss 
of power, virus, etc.) 
May have to start over. 
Penalty for late thesis 
submission 
1 4 4 
Backup data in multiple storage place and 
at cloud (Dropbox and Google Drive). 1 4 4 
Hemp/Agave fibre 
mats unavailable 
Fibre is used up or 
being used for other 
project 
Project completion date 
will be delayed. Penalty 
for late thesis submission 
2 3 6 
Make an early estimation on the amount of 
fibres needed. Place an order if the amount 
is inadequate. 
1 3 3 
Prototype do not 
meet required 
performances 
Material is too weak 
to withstand string 
tension 
Project failed. Penalty for 
not completing thesis. 2 4 8 
Validate design in ANSYS for structural 
rigidity.  1 4 4 
 
Technical Risks 
Risk Issue Cause Impact L C R Mitigation Strategy L C R 
Equipment 
breakdown 
Improper usage Project will be delayed.  2 4 8 Read equipment manual before using. Plan 
equipment usage to avoid overheating, etc. 
1 4 4 
Insufficient vacuum 
pressure in VARI 
process 
Insufficient sealing 
of vacuum bag 
Air bubbles will form and  
reduce the mechanical 
properties of composites 
3 4 12 Check vacuum bag sealing and ensure the 
vacuum achieved around 90% level before 
conducting the infusion process. 
2 4 8 
Mould damaged Improper storing. Defect in guitar body 3 4 12 Store in proper place when not using. Use 
release agent during infusion process. 
2 4 8 
General laboratory 
safety 
Laboratory safety is 
not fully adhered 
Injury and possible 
project delay. 
2 4 8 Adhere the laboratory rules & regulations. 
Wear PPE, if it is required. 
1 4 4 
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Structural Risks 
Risk Issue Cause Impact L C R Mitigation Strategy L C R 
Neck breaking Deformation due to 
string tension. 
Possible project failure. 
Penalty for incomplete 
thesis. Have to start over. 
3 5 15 Reinforce the neck section using foam core 
insert wrapped in carbon fibre layer  
1 4 4 
Heel cracks Deformation due to 
string tension. 
Possible project failure. 
Penalty for incomplete 
thesis. Have to start over. 
3 5 15 Add additional Hemp/Agave fibre layer to 
the heel area. 
2 4 8 
Head breaking Deformation due to 
string tension and 
clamping force 
Possible project failure. 
Penalty for incomplete 
thesis. Have to start over. 
2 5 10 Reinforce the head section using a carbon 
fibre layer, sandwiched between the upper 
and lower head plate. 
1 4 4 
Body breaking The guitar is 
dropped 
Possible project failure. 
Penalty for incomplete 
thesis. Have to start over. 
2 5 10 Transport the guitar in hard case, if 
possible. Handle guitar with care. 
1 3 3 
 
Manufacturing Risks 
Risk Issue Cause Impact L C R Mitigation Strategy L C R 
Injuries while using 
knife 
Incorrect cutting 
position or technique 
Injury and possible 
project delay. 
2 4 8 Wear correct PPE while using knife, 
particularly a glove. Ensure correct cutting 
position. 
1 3 3 
Skin contact with 
Vinyl Ester 
Inadequate PPE 
usage 
Skin irritation and 
possible allergic reaction. 
2 3 6 Wear correct PPE i.e glove. Handle 
chemical with care. 
2 2 4 
Cuts by the sharp 
edges of the cured 
Vinyl Ester  
Inadequate PPE 
usage 
Injury and possible 
project delay. 
3 4 12 Wear protective gloves while handling the 
parts. 
2 4 8 
Injuries while 
carrying the heavy 
equipments. 
Improper operating 
practice 
Possible long-term 
injuries 
2 4 8 Adhere to best practice of safety operating 
procedure. Ask for help when dealing with 
heavy equipments. 
1 3 3 
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9.0 Conclusions and recommendations 
 
This project has achieved its intended objectives, which is to manufacture a bio-composite 
guitar using Hemp/Agave Fibre Reinforced Vinyl Ester. In addition, the result from the 
acoustic analysis shows that it was feasible to use bio-composite as a replacement for wood in 
guitar construction. 
Initial data on the Hemp/Agave fibre was collected by manufacturing a sample plate through 
an iterative resin infusion process. The repeated procedure helps in optimising the resin 
infusion process on a small scale product before applying to the real guitar. Issues such as 
vacuum bag leaking and the presence of air bubbles in the layup were identified and effective 
mitigation technique was implemented. 
The Young’s Modulus, Poisson’s Ratio and the Ultimate Tensile Strength of the plate was 
obtained through mechanical testing. Flexural stiffness of a wooden guitar was evaluated 
against these data to obtain the required thickness of the soundboard, which was 4.92 mm. 
The robustness of the guitar initial design was tested in ANSYS 17.0 in terms of maximum 
deflection and equivalent stress under strings tension. From the simulation, weak spots were 
identified in the head, the neck and the heel section. By considering the guitar weight and 
material availability, additional design such as foam core with carbon fibre insert and carbon 
fibre layer were added in order to reinforce the weaker sections. 
The guitar loudness, note sustaining ability, playability and tonal quality were tested through 
various experiments. Although the result shows a slightly lower performance in terms of 
guitar loudness and note sustaining ability, the overall tone of the guitar proved to be on par 
with a wooden acoustic guitar. The fact that bio-composite are based on the same cellulose 
fibres as wood helps in shaping the tone of the guitar. 
Iterative refinement in the design is recommended in the future in order to achieve a balance 
between guitar strength and acoustic performances. Adding more fibre layers in the weaker 
sections instead of using carbon fibre will streamline the overall manufacturing process while 
maintaining the continuous body design of the guitar. CAD software and ANSYS should be 
utilised in decision making to further optimise the final result. 
 56 | P a g e  
   
 
 
10.0 References 
[1] French, R. M. (2009;2008;). Engineering the guitar: Theory and practice. Boston, 
MA: Springer Verlag. doi:10.1007/978-0-387-74369-1 
[2] Guitar, T. (2015, December 9). The 8 best acoustic guitars of 2015. . Retrieved from 
http://www.musicradar.com/news/guitars/the-8-best-acoustic-guitars-of-2015-631867 
[3] Liu, Y. Convention on International Trade in Endangered Species of Wild Flora and 
Fauna. 2009; Available from: www.cites.org. 
[4] Fowler, P. A., Hughes, J. M., & Elias, R. M. (2006). Biocomposites: Technology, 
environmental credentials and market forces. Journal of the Science of Food and 
Agriculture, 86(12), 1781-1789. doi:10.1002/jsfa.2558. 
[5] Williamson, M. A. (2010). U.S. biobased products market potential and projections 
through 2025 
[6] Sullins, T. L. (2013). Biocomposite material evaluation and processing for automotive 
interior components 
[7] farmacasanova. (2013, February 7). Cannabis sativa. Retrieved October 23, 2016, 
from https://farmacblog.wordpress.com/2013/02/07/cannabis-sativa/ 
[8] Chattopadhyay, D. P., & Khan, J. S. (2012). Agave americana: A new source of textile 
fiber 
[9] Hulle, A., Kadole, P., & Katkar, P. (2015). Agave Americana Leaf Fibers. Fibers,3(1), 
64-75. MDPI AG. Retrieved from http://dx/doi.org/10.3390/fib3010064 
[10] Factsheet - agave americana (century plant). (2011). Retrieved October 23, 2016, 
from  http://keys.lucidcentral.org/keys/v3/eafrinet/weeds/key/weeds/Media/ 
Html/Agave_americana_(Century_Plant).htm 
[11] Bunsell, A. R. (2009). Handbook of tensile properties of textile and technical fibres. 
[12] El Capitan Ekoa Guitar - Blackbird Guitars. (n.d.). Retrieved from 
https://www.blackbirdguitar.com/collections/guitars/products/el-capitan 
[13] Out of the studio and into the woods: today's top camping guitars - The Manual. 
(n.d.). Retrieved from http://www.themanual.com/travel/studio-woods-todays-top-
camping-guitars/ 
[14] Scapelliti, C. (2016, May 5). The El Capitan Acoustic Guitar Is Made of Linen and 
Industrial-Waste Resin. Really. | GuitarPlayer. Retrieved from 
http://www.guitarplayer.com/frets/1422/guitar-made-of-linen-and-industrial-waste-
resin-sounds-great/57940 
 57 | P a g e  
   
 
 
[15] Alpaca Carbon Fiber Travel Guitar. (n.d.). Retrieved April 16, 2016, from 
http://alpacaguitar.com/alpaca-carbon-fiber-travel-guitar/ 
[16] Ghent University, “Vacuum Infusion – The equipment and Process of Resin 
Infusion,” Ghent University, Belgium, 2014. 
[17] A. Damodaran, L. Lessard and S. Babu, “An Overview of Fibre-Reinforced 
Composites for Musical Instrument Soundboards,” Acoustics Australia, pp. 1-6, 
2014. 
[18] Schelleng, J. C. (1963). The violin as a circuit. Journal of the Acoustical Society of 
America,35(3), 326-338. doi:10.1121/1.1918462 
[19] Fletcher, N. H., & Rossing, T. D. (1991). The physics of musical instruments. New 
York ; London: Springer-Verlag. 
[20] Hurd, D.C., Left-Brain Lutherie: Using Physics and Engineering Concepts for 
Building Guitar Family Instruments. 2004, Hilo: Kawika. 
[21] H. Markstrom, “Measuring Bending Stiffness,” Lorentzen & Wettre, Sweden. 
[22] Guitar Bracing Patterns | C.F. Martin & Co. (n.d.). Retrieved from 
https://www.martinguitar.com/features-materials/bracing-patterns/ 
[23] HexPly, “Hexply Prepreg Technology,” January 2013. [Online]. Available: 
http://www.hexcel.com/Resources/DataSheets/Brochure-Data-Sheets/Prepreg_ 
Technology .pdf. 
 
 
 
 
 
 
 
 
 
 
 
 
 58 | P a g e  
   
 
 
11.0 Appendices 
11.1 Appendix A - ANSYS Simulation Procedure 
The materials used in the guitar construction, such as Hemp/Agave Reinforced Vinyl Ester, 
Rosewood, bone and stainless steel were defined in ANSYS 17.0 Engineering data as follows: 
 
Figure 51: Properties of Hemp/Agave Reinforced Vinyl Ester 
 
Figure 52: Properties of Rosewood 
 
Figure 53: Properties of Bone 
 
Figure 54: Properties of Stainless Steel 
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The force of each string was applied at the bridge and the head area with the value from 
Section 5.2.1, Table 7 after taking into consideration safety factor of 1.5.  
Table 14: Tensile force of each string 
Strings Tensile Force (N) 
E 161.7 
A 193.1 
D 199.8 
G 169.2 
B 135.5 
E 151.0 
Sum 990.3 
 
 
Figure 55: Strings tensile force applied at the bridge 
 
Figure 56: Strings tensile force applied at the tuning pegs 
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Standard mesh was applied to the guitar structure with further refinement of level 2 was 
applied on the head, the soundboard and the heel. 
 
Figure 57: Element mesh applied to the guitar structure 
 
11.2 Appendix B – Decay Time,     Calculations 
 
From Figure 49 in Section 7.3.3, the gradient of the SPL drop was calculated; 
           
  
  
  
             
              
 
         
      
       
The gradient, m is equivalent to     as the SPL drop is approximately 20 dB. Extrapolation 
onto 60 dB SPL drop was required in order to obtain    . Assuming a graph with gradient -
3.8, and SPL drop of -60 dB (negative indicates drop), the value of     (x-value) can be 
determined by: 
    
   
        
 
   
    
              
The gradient and     values of each strings of the bio-composite guitar is tabulated below. 
Table 15: Gradient and corresponding T60 of each string 
Strings E A D G B E 
gradient -3.8 -3.2 -2.8 -2.6 -2.9 -3.1 
    15.8 18.8 21.1 23.3 20.7 19.4 
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11.3 Appendix C – Engineering Drawing of the Guitar 
 
 
